The p53-related genes, p51/p63 and p73, have been isolated respectively from cDNA libraries of skeletal muscle and the brain, and their structural features and biological functions have been compared. High expression of p51A (TAp63g) in the skeletal muscle tissue drove us to investigate a differentiationinducible myoblastic cell line which showed increased p51A expression after differentiation induction. Tissue-specific expression was further confirmed by reverse transcriptasepolymerase chain reaction (RT ± PCR) using primers specific for DN (TA-domain lacking p51), p51A, and p51B expression. p51A alone induced erythrodifferentiation when expressed in the erythroleukemia line (Tg-gp55-1-2-3) expressing a temperature-sensitive mutant of p53, and induced remarkable apoptosis when wild-type p53 expression was induced by the temperature shift to 328C. Human p51A and p53 were introduced exogenously into the above erythroleukemia cells, and although their expression was rather low, both p51A and p53 proteins were induced by DNA-damaging treatment with UV and ActinomycinD. However, the protein-protein interactions analyzed by a yeast two-hybrid assay between p51 and p53, between p51 and p73, and between p51 and oncoproteins showed that p51 is functionally rather distant from p53. Extensive mutation analysis of p51/p63 in human tumors revealed only four mutations in 80 non-small cell lung carcinomas; two adenocarcinoma cases possessing Glu31-His mutations in the transactivation domain (TA) domain, suggesting that p51/p63 is not a Knudson type tumor suppressor gene. Mutation and loss of heterozygosity (LOH) of p73, deregulated expression of p73 and loss of imprinting of p73 are also discussed.
Isolation and structural comparison
Isolation of human p51, another p53-related gene
Isolation of the first p53-related gene, p73, 1 encouraged us to attempt to isolate further p53-related genes.
Using the interspecifically conserved region of p53, we made degenerate primers for PCR ( Figure 1 ) to isolate human p53-related genes. We first employed outside primers A and D, and then nested primers B and C to isolate further closely p53-related DNA fragments from tissue-specific cDNA libraries. With this strategy, we successfully cloned a second p53-related gene from a skeletal muscle cDNA library, which we named p51A since this cDNA codes for a protein with the estimated molecular weight of 51 kDa. We also cloned a larger splice variant of the gene, designated p51B (estimated molecular weight 72 kDa).
2 p51B was previously isolated from rat tissue and was designated as`ket' gene. 3 The structural aspects of these genes and some of their biological characteristics have been described by us previously. 2 This p53-related p51 gene has also been cloned by other groups and variously designated as p40 4 , p63 5 and p73L 6 .
Structural comparison of p53-related genes
We also cloned cDNA's of the p73a and p73b genes from a cDNA library of human brain. 2 The homology between the p53, p51A, and p73b products at a protein level is shown in Figure 2 .
In p73, smaller splice variants, p73g and p73d have also been found: 7 in p51/TAp63, several smaller splice variants have also been characterized. One of these, p51C (d), was observed in several tissues including uterus, thymus, placenta, mammary gland and fetal lung. 8 The fourth splice variant was identified in the same way as p73, and the p51 splice variants so far characterized are p51a(=p51B), p51b, p51d(=p51A), and p51g, as previously shown in p63 and p51 splice variants.
Expression and biological function of p51/TAp63
Tissue-speci®c expression of p51/TAp63
We have previously shown that p51A/TAp63g and p51B/ TAp63a are expressed in a tissue-specific manner by Northern blotting analysis; p51B/TAp63a is highly expressed in the placenta, mammary gland, salivary gland and prostate ( Figure 3 ). Yang et al. also reported that the p63 protein is expressed in the epithelial linings of urogenital organs. 5 Recent gene knock-out studies have shown that p51/ TAp63 is essential for skin formation and in the generation of apical ectodermal ridges to induce development of the extremities. 9, 10 p51/TAp63 may be involved in mesenchymal differentiation Since p51A, a short form of the two major splice-variants of p51, is predominantly expressed in skeletal muscle ( Figure  3) , we investigated p51 expression in the differentiationinducible myoblastic cell line, C2C12 by Northern blotting. We observed a gradual increase of both p51A and p51B mRNA's in C2C12 cells 1 ± 2 days after decreasing the horse serum concentration down to 2% (Figure 4 ) (unpublished observation).
We synthesized PCR primers for the detection of DN p51; p51A (A tail) and p51B (B tail), and carried out RT ± PCR to analyze their respective expression ( Figure 5 ). Some tissues showed expression of all three variants (such as bladder and skin, Figure 6 ); others showed DN p51 and p51A expression; skeletal muscle showed p51A and p51B and heart only p51A. p51 was not expressed in GI tract and spleen (M. Osada et al. unpublished observation). These tissues were taken from 10 weeks old non-pregnant female mice ( Figure 6 ).
Potentiating p53 transactivation capacity by exchange of p51A and p51B tails
The p51/TAp63 gene encodes two major splicing variants, p51A and p51B, which differ in their carboxyl-terminal structures. However, p51A shows a moderate level of transcription, while p51B shows extremely low level expression. To clarify the reason for this difference, we made chimeric gene constructs expressing fusion proteins of p53- Figure 1 Interspecifically conserved regions of p53, A, B, C, D were used to make degenerate primers to isolate p53-related DNA fragments Figure 3 Northern blotting of p51 mRNAs. The skeletal muscle p51B transcript is slightly larger than those of other tissues, possibly suggesting another splice-variant Figure 4 Northern blotting of p51A and p51B transcripts in differentiationinduced C2C12 cells p51 and p73 expression and mutation S Ikawa et al p51A and p53-p51B, having an N-terminus of p53 and a Cterminus of p51A or p51B, respectively. In a BAX promoterluciferase assay using p53-deficient SAOS-2 cells, they exhibited up to 30-fold stronger transactivation potential than p53 and p51A themselves, suggesting that the C-terminus of p51B does not simply serve as a transcriptional repressor. 7 We obtained similar results with p21waf1 and MDM-2 promoter-reporter plasmids ( Figure 7 ). These chimeras are valuable tools for gene therapy. S Ikawa's group has actually constructed all possible chimeric genes using the respective TA, DNA binding and oligomerization domains of the three p53 family genes. These chimeric genes also overcome the problems of dominant-negative mutant p53 genes. More precise chimeric molecules may further dissect the functional domains of the p53 family proteins.
Human p51A can induce erythrodifferentiation in Friend erythroleukemia cells
An erythroleukemia cell line was established from a transgenic mouse with Friend spleen focus-forming virus env-related gp55 gene. 11, 12 This line possesses a monoallelically expressed temperature-sensitive mutant p53 gene. Some preliminary data was briefly described in our previous paper. 2 Further studies revealed that p51A alone could induce erythrodifferentiation by DAF and TER 119 staining ( Figure 8 ).
How are p51/TAp63 and p73 related to and distinct from p53
Oncoprotein-binding of p51 and p73
In a preliminary analysis to compare the binding capacity of p51A with that of p53, we employed a yeast two-hybrid assay using MDM2 and SV40 Large T proteins to be targeted by TAp53 family proteins and DN-p53 family proteins. Using the Y187 yeast strain, and applying b-gal colony-lift filter and CPRG (chlorophenol red-b-D-Galactopyranoside) assays we measured protein-protein binding. p51A and p51B bound to each other, but not to other p53 family proteins, SV40LT and MDM2, while p73 bound MDM2 more tightly than p53 (Table  1) 
p51A responds to DNA-damaging treatment
Human p51A and human p53 were exogenously introduced into 1-2-3 cells as described in the previous section, and these cells responded almost equally to DNA-damaging treatments (UV, and Actinomycin D) with low induction of p51A and p53 transcripts but more pronounced p51A and p53 protein induction to upregulate the p21 waf-1 gene equally immediately after the treatment (Katoh I. et al. presented at 58 th Japanese Cancer Association meeting in Hiroshima on October 1 st , 1998). These data suggest that p51 and p73 show distinct tissue-specific expression and show quite different biological responses, and it would be of great interest to study phylogenetically how p53 evolved for protection against DNA damage or for elimination of abnormal cells.
Loss of heterozygosity, expression and mutation of p73 and p51/p63 in human cancers
The role of p73 and p51/p63 in carcinogenesis and/or cancer progression remains ambiguous at the present time. However, it is important to know whether p73 or p51/p63 are also tumor suppressor genes since p53 is not mutated in about a half of human cancers. Here we overview the data accumulated during the last 2 years and reconsider their biological and clinical role in cancer.
Loss of heterozygosity of the p73 gene mapped to 1p36.3
The p73 gene has been mapped to 1p36.3 which is frequently deleted in many cancers including neuroblastoma, colorectal cancer and breast cancer. 1 For p73 to have a role as a tumor suppressor gene, it is crucial for p73 to be mapped within the commonly deleted region of these cancers. Two groups have performed fine mapping of the p73 gene, and showed that it was localized at D1S468 between D1Z2 and D1S47 which Figure 5 Design of PCR primers for RT ± PCR detection of DNp51, p51A, and p51B transcripts Figure 6 RT ± PCR analysis of p51 transcripts in various mouse organs using primers shown in Figure 5 p51 and p73 expression and mutation S Ikawa et al spanned less than 6 Mb. 13, 14 This suggested that p73 was still within the smallest region of overlap (SRO) in neuroblastoma, colorectal cancer and breast cancer. Ichimiya et al. 15 also showed that p73 was localized at the border of the SRO at 1p36.3 in neuroblastoma. The frequency of the p73 loss of heterozygosity (LOH) was variable: high in neuroblastoma, 15, 16 lung cancer (mostly non-small cell lung cancers 17 and Yamamoto et al. unpublished data), gastric cancer 18 and ovarian cancer, 19 and low in esophageal cancer 20 and prostate cancer 21 ( Table 2 ). The frequency of LOH in the region including the p73 gene was high in lung 17 and ovarian 19 cancers. This raised the possibility that p73 was a candidate suppressor gene of some, if not all, human cancers.
Expression of p73 in cancers and normal tissues
To date, six p73 isoforms (a b g d e z) generated by alternative splicing have been reported. 1, 7, 22 Both p73a and p73b are ubiquitously expressed in brain, kidney, placenta, colon, heart, liver, spleen, and skeletal muscle at low levels. p73g and p73d are also expressed in many normal tissues, but the expression pattern is different. 22 Normal human lymphocytes lack p73b and express only the p73a, p73g and p73d forms, whereas normal human keratinocytes express p73a, p73b, and p73g but not p73d. In general, p73a is predominantly expressed in most normal tissues and cell lines. The levels of p73 expression are so low that it is often difficult to detect the transcripts by Northern blot analysis.
Primary cancers also express p73 whose predominant form is p73a. The levels of p73 expression among cancers are variable and generally low. The expression levels in neuroblastoma are lower than in other cancers. 11, 15 It is unclear whether normal sympathetic neurons or adrenal medullary cells, from which neuroblastoma is derived, express p73 or not, because of the difficulty in obtaining the corresponding normal tissue. However, our preliminary data suggested that p73 was not detectable even by RT ± PCR in the normal adrenal tissue of an infant (A Nakagawara, unpublished data).
The relative expression levels of p73 in cancers compared with those in normal tissues are very important to understand the role of the gene in carcinogenesis. Takahashi et al. 21 first showed that expression of p73 was higher in a prostate cancer than in corresponding normal tissue. Similar observations have subsequently been reported by other groups in several cancers including neuroblastoma, 23 lung cancer, 24 colorectal cancer, 25 breast cancer, 26 bladder cancer, 27 and cholangiocarcinoma of the liver, 28 as shown in Table 2 . The expression of p73 may be regulated in a tissue specific manner. 17 There may be several reasons why p73 is expressed in Figure 7 Transactivation of BAX, MDM2, and WAF1 genes by p53-p51 chimeric proteins Figure 8 Hemoglobin production in 1-2-3 cells transfected with p51A. Cells were analyzed 24 h after the temperature shift. DAF (2,7-diaminofluorene) is non-genotoxic Benzidine-like chemical. Rp51A is the anti-sense or reversed p51A sequence p51 and p73 expression and mutation S Ikawa et al cancerous tissues at higher levels than in their normal counterparts, including activation of promoter function or loss of imprinting.
Imprinting and/or loss of imprinting of p73 in cancer?
The evidence for imprinting at the distal region of chromosome 1p in cancer first emerged from the genetic study of neuroblastoma. The frequent allelic loss of 1p36 was found to be imprinted in sporadic neuroblastomas. 29, 30 In the tumors with a single copy of MYCN, the deleted 1p36 alleles were preferentially of maternal origin, and the commonly deleted region was mapped to 1p36.2-pter. On the other hand, in tumors with MYCN amplification, the large 1p deletions extending from the telomere to at least 1p35 ± p36.1 were of random parental origin. If the observations by Caron et al. 29, 30 are confirmed, maternal p73 is lost in about 70% of neuroblastomas with 1p deletion. The p73 gene is localized in such an imprinting region at the distal end of 1p.
Monoallelic expression of p73 was first reported by Kaghad et al. 1 Since mutation of p73 in cancers is rare, epigenetic regulation of p73 would provide alternative evidence for its role as a tumor suppressor gene. However, the current status of the allelic expression of the p73 gene is confusing as shown in Table 2 24 and renal cell carcinoma. 31 They also reported the presence of allele switching in two of 12 primary renal cell carcinomas. 32 In contrast, Nomoto et al.
17
found biallelic expression of p73 in 25 out of 26 lung cancers, suggesting that monoallelic expression of p73 was rare and would be variable between individuals and different tissues. Thus, information about the imprinting of p73 in cancers is still limited and confusing. It is important to know the degree of LOI in human cancers. If LOI of the p73 gene is a common event, the gene may function to enhance tumor cell growth like an oncogene. We also need to know in which normal tissues p73 is frequently imprinted, since the frequency of 1p36 LOH varies between human cancers of different tissue origin ( Table 2) . 
Mutations of p73 in primary cancers
The presence of mutations or deletions in the candidate tumor suppressor gene is critical to confirm that the gene conforms to Knudson's two-hit hypothesis. 33 During the last 2 years, there has been an extensive search for mutations of the p73 gene in 14 different primary cancers (Table 2) . However, only four tumors with missense mutations of p73 out of 909 tumors (0.4%) have been found. Two mutations found in primary neuroblastoma were substitutions of the proline residue (P405R and P425L) in the COOH-terminal region of both p73a and p73b 15 , in which region Takada et al. 34 identified a weak but significant transactivation function. P425L was a somatic mutation in neuroblastoma, while the P405R mutation was germline in a neuroblastoma and somatic in a lung cancer (N Yamamoto and A Nakagawara, unpublished data). Another somatic mutation R269Q was found in the DNAbinding domain of p73, although its functional significance was not examined. 35 Neither truncation nor deletion types of mutation have been reported so far. Thus, unlike p53, it is obvious that p73 is infrequently mutated in many human cancers. The results further suggest that p73 is not a tumor suppressor gene in a classic Knudson manner.
Mutations of p51/p63 in primary cancers ( Figure 9) Mutational analysis of p51/p63 is still limited at this time. According to the paper by Sunahara et al. 36 which expanded previous data, 37 two kinds of missense mutation (Q31H and A148P) are found in three out of 80 (3.8%) non-small cell lung cancers. A148P was a loss of function mutation according to the yeast functional assay system (modified FASAY method). However, there was no mutation in 85 breast cancers. 36 It seems likely, therefore that, like p73, p51/p63 is also rarely mutated in many human cancers.
Relationship between expression and mutation of p73 or p51/p63 and mutation of p53 in cancers At this point, the significant observations concerning the p73 gene in cancers are (1) a frequent LOH of the p73 gene in some cancers, and (2) higher levels of expression in tumors compared with those in corresponding normal tissues. In the latter, the mechanism of stimulated transcription of the p73 gene in tumors is unclear. Although overexpression of p73 in some cell lines induces apoptosis, moderate enhancement of expression in primary tumor cells may conversely increase growth. The different p73 splicing variants may have different growth-promoting or suppressing function, which could also vary between different tissues. Furthermore, the p73 protein may be induced by some DNA-damaging stresses without increasing the levels of the transcript. 38 Thus, many factors involved in the regulation of expression and function of p73 still remain to be pursued.
The p73 protein is reported to associate with the mutant form of p53 but not with wild-type p53. 39 Is there any correlation between p73 status and p53 mutations in primary cancers? In this context, Zaika et al. 26 found no correlation between high expression of wild-type p73 and mutations of p53 in 12 primary breast cancers. However, in a larger analysis in a wider range of cancers, the two were significantly associated (T Shishikura and A Nakagawara, submitted for publication). In this case, mutated p53 may inhibit the function of overexpressed, p73 leading the tumor cells into a more aggressive phenotype. Interestingly, a non-small cell lung cancer with a mutation of p73 (P405R) also had a p53 mutation in the DNA-binding domain, and the patient had multiple metastasis (N Yamamoto et al. unpublished data). A mutation of p51/p63 (A148P) has also been associated with a p53 mutation, and this tumor was also in an advanced stage. 26 Since the p53 family molecules are inducible in cancers by some stresses such as DNA damage at the mRNA or protein levels, the status of their expression and mutation may affect the clinical behavior of the tumor during therapy.
Distinct functional role of the COOH-terminal region of p73 and p51/p63
Unlike p53, both p73 and p51/p63 have an additional COOHterminal region which is variably spliced. Two naturally occurring missense mutations have been found in the COOH-terminal region of p73 in neuroblastomas and lung cancer. 15 In addition, this region of both p73 and p51/p63 contains the SAM-like domain which may be involved in protein-protein interactions. 40 These data suggest that the COOH-terminal region of p73 and p51/p63 has a distinct function which is not shown by p53.
Takada et al. 34 found that the region of amino acid residues 382 ± 491 of p73a or p73b was rich in glutamine and proline, in which two naturally occurring mutations, P405R and P425L, were present. By using the yeast GAL4 DNA-binding fusion system, they found a weak, but significant transactivation activity in the region, and both mutations resulted in loss of this activity. Though the The SAM-like domain of p73 or p51/p63 may have an important role in regulating oligomerization as well as other functions. 40 Ozaki et al. 48 found that the COOH-terminal region of p73a distal to the SAM-like domain is also a functional regulatory domain which both affects transcriptional activation and colony forming activity. 41 Their results showed that the p73a truncation mutant with deletion of the most COOH-terminal region including a SAM domain, or with deletion of the extreme COOH-terminal distal to a SAM domain increased the transcription of luciferase reporters harboring three p53-responsive promoters (p21Waf1, Mdm2, and Bax) in p53-deficient SAOS-2 cells. On the other hand, induction of apoptosis tested by the colony formation assay was strongly inhibited by transfection of these deletion mutants in the same cells. In addition, it appears that the distal COOH-terminal region of p73a is a cis-or trans-acting regulatory domain which regulates its functions in a diverse manner.
